INTRODUCTION THE SIGNIFICANCE OF JUNCUS ROEMERIANUS STANDS IN COASTAL REGIONS OF THE SOUTHEASTERN UNITED STATES
Juncus roemerianus Scheele is a plant associated with the upper reaches of salt water influence in salt marshes throughout the southeastern United States, as it grows in the transition between fresh and salt water areas, and thus is an indicator of highest tidal inundation. The known geographic range of J. roemerianus is from Delaware to Texas, with isolated populations found in Connecticut, New York, New Jersey, Mexico and the Caribbean (Eleuterius 1976) (Fig. 1) . Juncus roemerianus marshes are generally only intermittently tidally flooded. In the upper reaches especially, they may only be inundated during spring tides and storms.
While it might be assumed that the occurrence of Juncus roemerianus marshes could be detected in surface samples by the presence of J. roemerianus pollen, J. roemerianus pollen is not produced in large numbers because the plant usually spreads vegetatively and not all plants produce flowers. Furthermore, studies by Hodson (1971) and Eleuterius (1975) suggest that only plants near the edge of the colony produce flowers at all. Seedlings are rarely found in nature except at the edges of colonies and in areas that are being newly colonized. The flowers that are produced may be perfect but in many cases the plants are gynodioecious (having female flowers only); no staminate flowers have been found (Seibert 1969 , Eleuterius 1978 , 1984b . Moreover, while tetrads of Juncus pollen can sometimes be found on unprocessed anthers, the small amount of pollen produced by these plants does not seem to be preserved during normal processing to extract pollen (Beecher & Chmura 2004) , and no one has ever reported finding J. roemerianus pollen in marsh sediments.
PREVIOUS SALT MARSH STUDIES
There have been many studies of salt marsh environments. Most have focused on identifying physical characteristics such as pH, salinity, inundation time, tidal creek-related topographic and geomorphic changes including rates of accretion and/or erosion of marshes, impacts of rainfall, hydrological modeling, and soil nutrients (e.g. Kurz & Wagner 1957 , Hodson 1971 , Howard & Frey 1980 , Letzsch & Frey 1980 , Eleuterius 1984b , Stevenson et al. 1986 , Finkelstein & Ferland 1987 , Goodbred et al. 1998 , Morris et al. 2002 , Torres et al. 2003 , Pennings et al. 2005 , Gardner & Wilson 2006 , Torres & Styles 2007 , Carter et al. 2008 . Other salt marsh studies have focused on the plants, animals, or plankton found in the various salt marsh environments, their impacts on the salt marsh ecosystem and the salt marsh ecosystem's impacts on them (e.g. Seibert 1969 , Hodson 1971 , Eleuterius 1975 , 1978 , 1984a , b, 1989 , McCraith 1998 , Noble et al. 2003 , Pennings et al. 2005 , Silliman et al. 2005 . Additional studies have focused on the microscopic examination of plant fragments found in the surface sediments (e.g. Allen 1977 , Cohen & Spackman 1977 .
Many other studies have used foraminifera, diatoms, coral, vermetid gastropods, ooids, tree stumps, detrital wood, sediment types, shells, seeds, plant fragments, charcoal and peat found in sediment cores from salt marshes and near-shore environments in an attempt to track changes in accretion, erosion and sea level (including Redfield & Rubin 1962 , Scott & Medioli 1978 , Colquhoun et al. 1980 , Howard & Frey 1980 , DePratter & Howard 1981 , Colquhoun & Brooks 1986 , Heyworth 1986 , Kump & Hire 1986 , Laborel 1986 , Gayes et al. 1992 , Williams et al. 1999 , Gardner & Porter 2001 , Horton et al. 2006 .
Studies of pollen in salt marsh sediments have been undertaken by a number of investigators (Knox 1942 , Butler 1959 , Sears 1963 , Meyerson 1972 , Brush & DeFries 1981 , Clark 1986 , Schneider 1992 , Fletcher et al. 1993 , Woo et al. 1998 , Beecher & Chmura 2004 , Ward et al. 2008 , Gonzalez & Dupont 2009 Garcia-Moreiras et al. 2015) . However, most of these have focused on comparing pollen found in the surface sediment to the vegetation in the surrounding upland areas rather than on the plants in the salt marsh. Upland plants, arboreal species especially, are predominantly wind-pollinated and, as a result, the pollen from these plants can be found in just about any environment within a fairly wide radius of the plants producing them.
Few studies have related the palynomorphs (organic material such as fungal remains, insect parts, algae, and spores in addition to pollen that remains after a sample has been processed to extract pollen; Traverse 1988) found in salt marsh surface sediments with the plants actually occupying the salt marsh. Such studies have been difficult to accomplish, as many salt marsh plants are insect pollinated, so relatively little pollen is produced, and, as previously mentioned, some pollen types are not preserved during processing (Traverse 1988) . For example, Beecher and Chmura (2004) found that pollen of Juncus gerardii and J. balticus, two marine Juncus species found in northeastern North America, did not survive the processing procedure, an observation also made by Deng et al. (2006) regarding the pollen of J. kraussii, a marine Juncus species included in their study of the Whangapoua Estuary in New Zealand. A likely reason for this lack of preservation is that Juncus pollen contains a low amount of sporopollenin, the decay-resistant substance that makes up the outer walls of spores and pollen (Traverse 1988) . Further reducing the presence of Juncus pollen in Juncus marsh sediments is the fact that J. roemerianus stands, as previously mentioned, tend to reproduce most often vegetatively by rhizomes rather than by pollination and production of seeds (Hodson 1971 , Eleuterius 1975 . For these reasons, Schneider, who studied salt marshes in Maine, concluded that pollen alone is not sufficient to permit reconstructions of past marsh environments (Schneider 1992) . There have been some recent studies that use non-pollen palynomorphs to recreate past environments. While not used in salt marshes, Van Geel & Aptroot (2006) found a relationship between the presence of spores of Clasterosporium caricinum and Carex and the presence of spores of Meliola ellisii as an indicator for local Calluna vulgaris. Van der Velden et al. (2015) have related fungal spores and local vegetation assemblage zonation at Lake Challa, Kenya.
A previous study provides the foundation for this current work. This study, described by Marsh (2006) and Mars and Cohen (2006 , identified the palynomorphic fingerprint of surface sediments taken from Juncus roemerianus marshes in South Carolina. Since J. roemerianus is a species associated with the upper reaches of salt water influence in salt marshes throughout the southeastern United States, this study provides the background information necessary to investigate the possibility of using the palynomorphic fingerprint to trace sea level changes. The original palynomorphic fingerprint consists of four components: (1) a high number of palynomorphs per sample; (2) high diversity of palynomorph types; (3) a high number of fungal spore Type A, an oval, brown fungal spore frequently appearing to have an indentation in the surface (Fig. 2A) ; and (4) perhaps most importantly, the presence of the fungal spores, Atrotorquata lineata, described below (Fig. 2B, C ), which were found in the sediment beneath Juncus roemerianus plants but not in sediment of other marsh types (low marsh populated primarily by Spartina alterniflora, and salt pannes populated primarily by Salicornia virginica L.), even when samples were taken just a meter from Juncus roemerianus patches.
Atrotorquata lineata was first described by Kohlmeyer and Volkmann-Kohlmeyer (1993). They indicated that A. lineata is found in dead standing culms of Juncus roemerianus, generally between 11 and 45 cm above the rhizome. The ascospores are 22.8-30.7 μm in length × 7.4-10.5 μm in width, ellipsoidal in shape, and sometimes curved ( Fig. 2B and C) . They are brown in color and may be constricted at the one septum. They are longitudinally striate and have 5 to 7 germ slits at each apex. Kohlmeyer and Volkmann-Kohlmeyer further suggest that A. lineata is probably host-specific to J. roemerianus, though there has been one recent report of A. lineata being detected in a DNA study of milk from cows grazing in the Italian Alps (Panelli et al. 2013 ).
PURPOSE AND SCOPE OF THIS STUDY
The purpose of this study was to verify the presence of Atrotorquata lineata in sediments from Juncus roemerianus marshes throughout the range of the plant and to show that A. lineata can be found in all parts of a stand of J. roemerianus regardless of the position of the sample within the stand. As previously mentioned, J. roemerianus is a plant species associated with the upper reaches of salt water influence in salt marshes throughout the southeastern United States. This study uses the presence of the fungal spores of A. lineata, originally identified by Kohlmeyer and Volkmann-Kohlmeyer (1993) and previously described by Marsh (2006) and Marsh and Cohen (2006 , to identify sediment from high-level salt marshes.
To verify the presence of Atrotorquata lineata in surface sediments throughout all parts of a Juncus roemerianus stand, surface sediments were collected at 15 m intervals from a 183 m transect across a J. roemerianus marsh. Slurry slides were made from these samples and examined microscopically.
To verify the presence of Atrotorquata lineata in surface samples throughout the geographic range of Juncus roemerianus, a total of 93 surface samples from J. roemerianus marshes throughout the range of the plant were obtained. Our method for preparing samples for examination, described below, provides a valid, quick and cheap alternative to expensive and time-consuming palynological processing for determination of the presence or absence of the J. roemerianus proxy.
METHODS SPATIAL DISTRIBUTION AND GEOGRAPHIC EXTENT OF ATROTORQUATA LINEATA
In the previously mentioned study (Marsh 2006 , Marsh & Cohen 2008 during which the samples were collected that allowed the palynomorphic fingerprint to be established, samples were collected only from the centers of stands of Juncus roemerianus. Atrotorquata lineata was found in every J. roemerianus sample in that study, but, as the samples were taken only from the center of stands, it was not possible to determine from that data whether or not A. lineata was indeed present in all parts of a J. roemerianus stand from the most inland edge to the most seaward edge.
To address this question, surface samples (top 1 cm of sediment) were collected every 15 m along a 183 m transect through a monospecific stand of Juncus roemerianus just off of Crab Haul Creek Road at the Belle W. Baruch Institute for Coastal and Marine Science at Georgetown, South Carolina, from the most seaward edge (Sample CHC 1) to the beginning of upland vegetation (Sample CHC 11). Sample CHC 0 was taken from the Juncus roemerianus/Spartina alterniflora transition zone at the most seaward end of the transect.
Samples were sent to Global Geolabs in Alberta, Canada, for standard palynological processing and slides made from the residue were examined for the presence of Atrotorquata lineata and Fungal Type A.
GEOGRAPHIC RANGE OF JUNCUS ROEMERIANUS AND ATROTORQUATA LINEATA
The next part of this study was to determine whether Atrotorquata lineata is present throughout the entire geographic range of Juncus roemerianus.
Samples were obtained throughout the range of Juncus roemerianus thanks to researchers from Delaware to Texas. A total of 93 samples from locations in 11 states were examined. Information on sample locations is given below and in Figure 3 and Table 1. A number of researchers working throughout the range of Juncus roemerianus were contacted and asked to provide sediment samples from their local areas (see Table 1 for names of participants, number of samples for each location, and a description of the area sampled when available). Researchers doing the collecting were asked to collect the surface centimeter of sediment from the center of pure stands of J. roemerianus and to enclose the samples in either plastic vials or Ziploc bags and send them, along with information on the location where the samples were collected (latitude/longitude, GPS points, etc.). When samples were received, slurry slides, a new method described below, were made from a portion of each sample, with the rest being held in reserve.
The slurry slides made from these samples were examined microscopically for the presence of Atrotorquata lineata using a Leitz Otholux II microscope at 400×. Fetch-limited environment on the leeward side of an island (Pleistocene shoreline) (PI) far inland (ca 20 km from the coast) at the upper end of the estuary and in close proximity and surrounded by human development (airport, houses, highway), as such well protected from coastal storms. (IP) inland protected location ca 39 km from the sea (straight line distance, almost 43 km along the estuary), (GC) another protected inland location (9 km straight line and 12.5 km along the estuary to the ocean) near the landward edge of the estuary (JI) landward edge of the salt marsh across from the field laboratory (BI) small patch of marsh surrounded by a housing development (PI) back-barrier site is on the leeward side of an island and is next to housing and a marina and restaurant ( This location is only ca 1.25 km straight line distance to the ocean behind a barrier beach (and housing development); it is nearly 22 km from the inlet traveling through the estuary
SLURRY SLIDE TECHNIQUE
For the geographic distribution part of the study, a technique, developed for this study, in which slides are made by mixing a small amount of the sample sediment with glycerin (called the slurry slide technique), was used to produce slides for microscopic examination. While slurry slides are not quite as clear as processed slides, they are quite usable for the purpose of examining samples for the presence of ascospores of Atrotorquata lineata, and much faster and cheaper to prepare (Fig. 4) . To test the accuracy of slurry slides versus slides prepared by pollen maceration techniques, slurry slides were prepared from material from six representative samples. Duplicate sub-samples of these samples were processed to extract pollen. In all cases, those samples in which A. lineata was found in the slurry slides also had A. lineata in the pollenprocessed slide. Those that did not have A. lineata in the slurry slides also did not have it in the processed slides. Slurry slides have several advantages over processed slides. First, slurry slides are much quicker to make than processing a sample to extract pollen. A slurry slide takes only minutes to make, while processing a sample to extract palynomorphs can take up to seven hours, and sending samples to a lab for processing can take two weeks or more. Second, slurry slides are inexpensive to make. The only costs associated with making a slurry slide are the cost of the slide, cover slip, and a drop of glycerin. The costs of processing a slide to extract palynomorphs include the cost of chemicals or the fee charged by a lab to do the work. Third, slurry slides can be made and examined in the field, allowing researchers to know what they have while they are still at the study site. This allows decisions to be made quickly about where and whether to collect more samples.
RESULTS

SPATIAL DISTRIBUTION AND GEOGRAPHIC EXTENT OF ATROTORQUATA LINEATA
Ascospores of Atrotorquata lineata were present in every sample along the 183 m transect, along with fungal type A. All palynomorphs on each slide were counted to compare with the results of the original study (Marsh 2006 , Marsh & Cohen 2008 . The number of palynomorphs per slide ranged from 283 to 1271. In general there were fewer palynomorphs in samples farther from the start of upland vegetation, which is to be expected as there are more pollen-producing plants in the upland areas, but there was no true trend of Fig. 3 . Approximate sample locations. Note: Due to scale of map, in some instances more than one sample location is indicated by one star Fig. 4 . A. A slide in which the sample has been processed to extract palynomorphs. Atrotorquata lineata spores are circled; B. A slide in which the sample has not been processed to extract palynomorphs (a slurry slide). Atrotorquata lineata is circled decreasing numbers of palynomorphs in more seaward samples. In fact, there was a relative increase in palynomorphs in the sample closest to the ocean.
For better comparison among samples that, as mentioned above, have a wide range of absolute number of palynomorphs per slide, palynomorph abundance was calculated as a percentage of total palynomorphs for each sample. The sample taken from the Juncus roemerianus/Spartina alterniflora transition zone showed the lowest percentage of both Fungal Type A, at 15.05%, and Atrotorquata lineata, at 1.43%. In the samples taken from pure Juncus roemerianus stands, fungal type A was present in concentrations of between 19.89% and 48.00% of palynomorphs counted with an average of 29.1%. A. lineata was present in samples from pure J. roemerianus stands in concentrations ranging from 2.03% to 12.11% (mean 6.72%). This compares quite well to the numbers obtained from the original study that first identified the palynomorphic fingerprint (Marsh 2006) , in which the range of fungal type A was from 7.52 to 33.70% (mean 25.20%) and the range for A. lineata was 0.64 to 13.71% (mean 4.05%).
SAMPLE LOCATIONS AND DEPOSITIONAL SETTINGS
Sample locations covered the range of Juncus roemerianus from Texas to Delaware (Tab. 1). A map of approximate collection locations based on information provided by the researchers and volunteers who provided the samples is found in Figure 3 .
The sampling sites represent a wide variety of depositional environments including estuarine bays, near-tidal creek settings, back-barrier marshes, fetch-limited and nonfetch-limited sites, hurricane-impacted sites, human-impacted sites, restored marsh sites, intrashoreline sites and a variety of substrates, tidal ranges, and distances from the ocean.
Texas
Two samples were collected from the Aransas National Wildlife Reserve (ca 24°14′50.21″N, 96°47′25.31″W) on the coast of Texas. These samples were collected at the southern end of the main range of Juncus roemerianus in areas that Dr. Juan Jimenez-Martinez described as "patchy" (personal communication 
94″W).
Atrotorquata lineata was present in each of the samples from both locations.
South Carolina
Surface samples from Juncus roemerianus marshes from a wide variety of depositional environments were collected from along the coast of South Carolina as part of the original study to identify the palynomorphic fingerprint (33°24′36″N, 79°7′48″W) , and Murrells Inlet, (33°32′60″N, 79°1′12″W) ). These sites represented examples of both fetchlimited and non-fetch limited sites as well as greatly urbanized sites and remote, relatively non-impacted sites. Samples from Salicornia virginica L. and Spartina alterniflora Loisel marshes were also collected from these and other coastal South Carolina sites. Samples from this study were processed to extract pollen and were examined for the presence of the palynomorphic fingerprint. All Juncus roemerianus samples contained Atrotorquata lineata. Samples taken from Spartina virginica and S. alterniflora did not. South Carolina samples also included the samples taken along the Crab Haul Creek transect described earlier in this paper. Slides from those samples, as was mentioned earlier, were slurry slides and all of them also contained spores of Atrotorquata lineata. Marsh and Cohen (2008) .
Of the 93 samples examined to determine the geographic range of Atrotorquata lineata compared to the geographic range of Juncus roemerianus, all but five contained A. lineata. Of the five samples that did not contain A. lineata, all were collected north of east central North Carolina. Another study is needed to be able to definitively determine why this is so; however, if we disregard the possibility of collection error, there are some hypotheses that might account for the absence of A. lineata in J. roemerianus marshes north of North Carolina:
1. There are some characteristics of the depositional setting of the Delaware and Assateague Island sample locations (e.g. distance from the ocean, back barrier vs. near shore face, amount of urbanization, tidal range, etc.) that may have caused Atrotorquata lineata to be absent.
2. The geographic range of Juncus roemerianus plants is greater than the geographic range of the fungus Atrotorquata lineata.
Hypothesis 1 does not hold up to close examination. The Delaware samples were taken from a protected area far from the open ocean but so were the Gardens Corner, Inlet Plantation, and James Island, South Carolina samples. The Delaware site was not far from an urban area but the Pawley's Island and Murrells Inlet, South Carolina sites were even closer to development. The Delaware site was in a back barrier location but so were sites at Fort Clinch, Florida and Sand Point, Roanoke Island, North Carolina. Likewise, the Assateague Island samples came from island environments but so did the samples from Sapelo Island and St. Catherine's Island, Georgia, James Island, South Carolina, Lower Bretton Sound, Louisiana, and Sand Point, Roanoke Island, North Carolina. Another possible ecological variable is tidal range. While naturally the tidal range is not available for each sample site, and while frequently the tidal range is less for bays and estuaries than it is for the adjacent ocean, ranges for the reporting stations closest to the sample sites (Tab. 2) show that the Delaware and Assateague sites have tidal ranges in the approximate middle of the overall range of tides for all 93 locations in this study.
In short, there do not appear to be any discrete characteristics of these two sites (distance from the ocean, tidal range, front barrier, back barrier, estuary, island, fetchlimited (as described by Cooper et al. 2007 ), urbanized or not) that have any impact on the presence of Atrotorquata lineata. In samples collected from North Carolina to Texas, if Juncus roemerianus is present, so is A. lineata. In samples collected north of the North Carolina sites, A. lineata does not seem to be present even where J. roemerianus is.
Hypothesis 2 is much more promising. Any living organism has a range in which it can survive. It is not always the case that the range for a host organism is the same at that of an affiliated species such as a parasite or fungus. While the range of Juncus roemerianus is known to be roughly from Delaware to Texas, there is no information available on the range of Atrotorquata lineata apart from our own record.
Temperature might be the parameter that controls the boundaries of these two ranges. Comparisons of average low temperature for January from Cape Hatteras, North Carolina (Fig. 5) and the southeastern shore of Maryland, (Fig. 6 ) the locations closest to the Roanoke Sound/Oregon Inlet and Assateague Beach sampling sites for which these data are available indicate that, while there are year to year variations, the average minimum January (the month with the coldest average minimum) temperature for Cape Hatteras is 6.8°C higher than the average minimum January temperature for the Southeastern Shore of Maryland, with the average from North Carolina being 4°C while the average from southeast Maryland is −2.8°C. This difference may be enough that the more northern sites are out of the temperature range in which Atrotorquata lineata can survive. This is a topic for future research. In conducting this research, it was also found that slurry slides made from a small amount of sediment and glycerin provided an inexpensive and quick method of examining sediments, with no loss of accuracy over conventional slides made from sediments that had been processed to extract palynomorphs.
CONCLUSIONS
As a result of this study, the following conclusions can be drawn.
• The palynomorphic fingerprint for Juncus roemerianus described by Marsh (2006) and Marsh & Cohen (2008) has been shown to be valid in most of the range of the species. Since the main component of the fingerprint (Atrotorquata lineata) occurs only in the culms of Juncus roemerianus, A. lineata is deposited only in sediment directly beneath the J. roemerianus plant. As it is not found in the roots of the plants, and is therefore not found artificially below the surface, it provides a precise record of the position of salt water influence.
• Atrotorquata lineata is present in all tested surface sediments from Juncus roemerianus marshes from east central North Carolina south. While J. roemerianus is found north of this point, temperature may be the limiting factor for A. lineata.
• Atrotorquata lineata is present in surface sediments across Juncus roemerianus stands at any one location.
As a result, we propose that the presence of Atrotorquata lineata is indicative of Juncus roemerianus and can be used as a proxy for J. roemerianus marshes throughout all but the northernmost portion of the range of J. roemerianus. As A. lineata was also found in a core from Florida radiocarbon-dated at ca 3 200 years BP, as well as being found below the surface in an additional study from South Carolina (to be published), we additionally propose that A. lineata can be used as a proxy for former positions of J. roemerianus marshes and therefore as a marker for sea level change.
Additional work will include testing the temperature limit hypothesis and expanding on using Atrotorquata lineata as a marker for sea level variation in areas outside of South Carolina.
